Abstract: A hybrid fiber-to-the-home (FTTH) and radio-over-fiber (RoF) transport system is proposed to transmit one wired signal and two wireless signals simultaneously through an optical lightwave. By properly utilizing the polarization characteristic of a phaseremodulated and polarization-remodulated optical lightwave, the first-and second-order sidebands of the lightwave can be colorlessly separated for optical double-and quadruple-frequency RoF transmissions. Experimental results prove that the independent FTTH and two-band RoF signals can be simultaneously generated and separated by relatively low-frequency radio-frequency devices, optical modulators, and polarization beam splitters. The transmission performances are proven by proper bit error rate (BER) performance and clear eye and constellation diagrams. The interference among the transmitted wired signal and double-and quadruple-frequency RoF signals is acceptable. In this case, the wavelength of the optical carrier can be flexibly assigned, and the frequency of the transmitted wireless signals can be easily adjusted without affecting the functionality of the developed optical fiber transport system. The presented architecture can be flexibly employed to support various types of FTTH and microwave and millimeterwave over fiber transmissions.
Introduction
Radio over fiber (RoF) transport systems operating at microwave or millimeter-wave frequencies have been considered to be a promising method to meet the increasing demand of bandwidth to deliver high-speed wireless service data. The generation and distribution of optical microwave or millimeter-wave signals over the optical fiber transport system have been the focus of considerable attention, and many approaches have been reported on the basis of the optical double-sideband (ODSB), optical single-sideband (OSSB), and optical double-sideband suppressed carrier (ODSBSC) modulation schemes [1] - [5] . The ODSB modulation scheme is simple and straightforward. Nevertheless, the transmission performance of the ODSB modulation scheme is a function of fiber length because of the fiber chromatic dispersion effect. By contrast, the OSSB and ODSBSC modulation schemes do not have this disadvantage, and the ODSBSC modulation scheme even provides better receiver sensitivity than the ODSB method [5] . Given the potential for achieving optical frequency upconversion processes in the ODSBSC modulation scheme, inexpensive low-frequency devices can be employed to generate and transmit high-frequency wireless signal, which can significantly reduce the overall construction cost.
The capacity of the standard signal mode fiber (SMF) is currently higher than the bandwidth requirement of RoF transport systems. As such, sharing an optical fiber network infrastructure for various means of communication can reduce the investment of operators in deploying and operating next-generation optical access networks. The RoF transport system may be applied as an overlay on existing passive optical networks (PONs) to provide wired and wireless broadband services simultaneously. Several approaches that are based on external modulation have been proposed to transmit baseband wired and dual-band or multiband wireless data on microwave or/and millimeter-wave frequencies simultaneously [6] - [8] . However, these schemes need a control circuit to solve the bias drift problem resulting from the use of MZM(s) or/and filtering devices to select the desired optical sideband(s) or suppress the undesired optical sideband(s) for the optical generation of microwave or/and millimeter-wave signals, making the system complicated and costly. The data that these schemes delivered in the baseband and microwave/ millimeter-wave bands are all identical. To support the transmission of independent wired and wireless data simultaneously, two parallel MZMs are employed in [9] to deliver wired and wireless data individually through the generated optical central carrier and the optical sidebands. However, such scheme needs to employ an optical wavelength separator, such as a delay interferometer (DI), to separate the optical central carrier and the sidebands at the receiver end. If the optical carrier or the frequency of the transmitted wireless signal is changed, then the receiver end will be unable to receive the wireless signal properly because the transmitted optical signal is no longer aligned with the employed DI. To overcome the limitation a hybrid baseband, microwave band, and millimeter-wave band optical fiber transport system is proposed and experimentally demonstrated without utilizing any optical filter to separate/select optical carriers/ subcarriers during optical generation and transmission of wired and wireless signals. To achieve the research targets, a distributed feedback laser diode (DFB-LD) is directly modulated by a baseband signal represented by an orthogonal frequency-division multiplexing (OFDM) data stream with quadrature phase shift keying (QPSK) modulation format and its output lightwave is remodulated with a microwave signal via a PM. Subsequently, the polarization characteristics of the PM output are employed to separate the PM output lightwave by using a polarization beam splitter (PBS). The optical central carrier ðf c Þ embedding the OFDM signal is independently transmitted through the legacy wired service in the PONs, and the first-order sidebands (f c þ w f and f c À w f ) recording the microwave signal are remodulated with the same microwave signal via a polarization modulator (PolM). The PolM output signal is separated again by another PBS to support microwave and millimeter-wave signal transmission simultaneously. The sidebands located at f c þ w f and f c À w f are routed to one PBS output port for microwave band application, and the sidebands located at f c þ 2w f and f c À 2w f are routed to another PBS output port for millimeter-wave band application. We determined that the proposed system is free from the direct current (DC) bias drift problem because no DC bias is required to drive the PM and PolM. The optical wavelengths are separated on the basis of their polarization states, not their wavelengths. As such, no optical filtering device is required to be employed, and the frequencies of the transmitted microwave and millimeter-wave signals can be flexibly adjusted without affecting the overall transmission performances. The experimental results prove that the three-band signals can be properly detected with bit error rate (BER) values lower than 10 À9 after being transmitted over the 25 km SMF. The obtained eye and constellation diagrams are open and clear. Fig. 1 schematically depicts the proposed scheme for generating a baseband signal and dualband wireless signals, including a double-frequency microwave signal and a quadruplefrequency millimeter-wave signal. In this scheme, a continuous lightwave generated by the DFB-LD at a frequency of ! 0 is polarized by using a polarization controller (PC1) to yield an angle of 45°relative to one principal axis of a PM before being transmitted into the PM. In this case, the lightwave will be equally projected into the two principal axes of the PM. When the PM is driven by an RF signal with a frequency of ! f , the ODSB modulation format with orthogonal states of polarization between the central carrier ð! 0 Þ and the first-order sidebands (! 0 þ ! f and ! 0 À ! f ) are generated at the output of the PM. By properly adjusting the phase modulation index (PMI) of the PM, the intensity of the central carrier and the first-order sidebands can be set equally [10] . In this study, only the first-order sidebands are considered because the higherorder sidebands have lower power. The PM output is adjusted by another PC (PC2) before being fed into a connected PBS (PBS1) to align the polarization directions of the central carrier and the first-order sidebands with the two principal axes of the PBS1. As such, the central carrier is routed to the PBS1 x Àaxis output port for wired application and the first-order sidebands are routed to the PBS1 y Àaxis output port and fed into the PolM for second modulation. Similar to the previous processes, the polarization direction of the PBS1 y Àaxis output lightwave is oriented by a PC (PC3) to yield an angle of 45°relative to one principal axis of the PolM driven by an identical RF signal of the PM. By properly adjusting the phase of the RF signal induced by a phase shifter (PS) and the modulation index of the PolM, two ODSB output formats (! 0 þ 2! f , ! 0 þ ! f , and ! 0 , as well as ! 0 À 2! f , ! 0 À ! f , and ! 0 ) are simultaneously generated at the output of the PolM. However, given the polarization characteristic of the PolM scheme, two of the PolM output sidebands located at ! 0 will eliminate each other because both of them have the same intensity but are in antiphase, and the polarization states of the first-order sidebands located at ! 0 þ ! f and ! 0 À ! f are orthogonal with the second-order sidebands located at ! 0 þ 2! f and ! 0 À 2! f . To utilize the polarization characteristic, a PC (PC4) and a PBS (PBS2) are placed sequentially at the PolM output port to separate the first-order and second-order sidebands for microwave and millimeter-wave applications. The first-order sidebands emitted at the PBS2 x Àaxis output port and the second-order sidebands emitted at the PBS2 y Àaxis output port can be individually employed to achieve two and four times frequency upconversion when the sidebands are heterodyned at a photodiode (PD). The relative optical spectra at each point of the proposed scheme are schematically depicted in the inset of Fig. 1 . Notably, a single optical carrier can be employed to achieve optical three-band signals by combining a PM, a PolM, and two PBSs. No optical filter needs to be applied, and no bias drift problem needs to be solved. Fig. 2 shows the experimental setup of the proposed hybrid three-band optical fiber transport system. In the central office (CO), a continuous lightwave generated by the DFB-LD is directly modulated by the OFDM data stream with a data rate of 1.25 Gbps and QPSK modulation format. The OFDM data stream is employed because it provides a high spectral efficiency and superior robustness to noises [11] - [14] . The top inset in Fig. 2 shows the block diagram of the employed OFDM transmitter, which comprises a serial-to-parallel conversion, a QPSK modulation, an inverse fast Fourier transformation (IFFT), a parallel-to-serial conversion, a cyclic prefix (CP) insertion, and a digital-to-analog conversion (DAC). In the experiment, the QPSK-OFDM signal is generated by using an off-line Matlab program and an arbitrary waveform generator (AWG, Tektronix AWG7102) with a sampling rate of 10 Gsample/s and a DAC resolution of 8 bits. Subsequently, the DFB-LD output lightwave is fed into a PM (with 10 GHz bandwidth and 4 dB insertion loss) to remodulate an RF signal after being polarized by a PC (PC1) with an angle of 45°relative to one principal axis of the PM. The RF signal in the experimental setup is set to 625 Mbps/3.75 GHz only because of the absence of high-frequency millimeter-wave demodulation devices. By properly adjusting the PMI of the PM and a PC (PC2) connected to the PM output port, the optical central carrier and the first-order sidebands of the PM output lightwave can be separated by a PBS (PBS1, with insertion loss < 0.5 dB and extinction ratio > 22 dB). The optical central carrier emitted at one principal axis of the PBS1 is fed into a span of 25 km SMF to support independent baseband wired data transmission for legacy wired services in the PON. In parallel, the first-order sidebands emitted at another principal axis of the PBS1 are rotated again by a PC (PC3) before being remodulated by a connected PolM (with 40 GHz bandwidth and 3 dB insertion loss). The PolM [15] is commercially available from Versawave Technologies Inc. and is driven by a pure RF carrier, which has the same central frequency as the previously modulated RF signal. Given that two optical sidebands are inserted into the PolM simultaneously, two sets of ODSB output formats will be generated at the PolM output port, but the sidebands located at w 0 will eliminate each other. The remaining sidebands located at ! 0 þ 2! f , ! 0 þ ! f , ! 0 À ! f , and ! 0 À 2! f are consequently amplified by an erbium-doped fiber amplifier (EDFA) and directly transmitted over another span of 25 km SMF to a base station (BS) with no polarization state control and dispersion compensation.
Operation Principle

Experimental Setup and Results
In practical applications, the optical network units (ONUs) in PONs and the BSs in RoF transport systems may be deployed in various locations. As such, the OFDM and dual-band RoF signals are distributed to various locations. For PON application, the QPSK-OFDM signal embedded in the optical central carrier located at w 0 is directly detected by a PD at an ONU after being distributed over the 25 km SMF. It can be expected that the fiber length can be further extended to 100 km or longer if a proper dispersion compensation scheme is employed. A band-pass filter (BPF) is employed to filter the unwanted noise from the obtained signal. Then, the remaining signal is received and analyzed by the OFDM receiver. The OFDM receiver block diagram is shown in the bottom inset of Fig. 2 . In the experiment, the received OFDM waveforms are captured by a real-time scope (Tektronix CSA 7404B) with a sampling rate of 20 Gsample/s and a 3 dB bandwidth of 4 GHz. Consequently, the OFDM signals are demodulated by using an off-line Matlab digital signal processing program. The observed optical spectrum at the ONU PD and the detected electrum spectrum at the OFDM receiver are shown in Fig. 3(a) and (i) , respectively. Notably, more than 20 dB suppression ratio among the optical central carrier and the sidebands is derived, and the embedded OFDM signal is clearly obtained. The measured BER curves and QPSK constellation diagrams of the back-to-back (BTB) and 25 km transmission scenarios are shown in Fig. 4 . The power penalty at the BER of 10 À9 is less than 1 dB.
In parallel with the PON application, the polarization directions of the dual-band RoF signals at the BS is initially oriented by a PC (PC4). Consequently, the first-and second-order sidebands, which carry identical wireless data streams, are separated by a PBS (PBS2) and detected by two independent PDs with a bandwidth of 20 GHz to achieve frequency doubling and quadrupling processes, respectively. Although the polarization angles of propagating signals in a random birefringence of buried optical fibers may typically cause 2 ∼ 10°fluctuation, a dynamic polarization control can be utilized to compensate the polarization fluctuations [16] . The optical spectra of the is used to maintain the polarization states of the dual-band RF signals during fiber transmission, then the PC at the front end of the receiver can be removed. Nevertheless, the required receiver power of the quadruple-frequency signal should be slightly less than that of the double-frequency signal to achieve error-free transmission because the optical powers of the unwanted higher order sidebands in the quadruple-frequency signal are smaller than that in the double-frequency signal.
Conclusion
A hybrid baseband, microwave band, and millimeter-wave band optical fiber transport system is proposed and experimentally demonstrated on the basis of a single optical carrier. By properly employing the polarization characteristics of the optical phase modulation method and optical polarization modulation scheme, an optical carrier, with its intensity modulated by a wired signal, can be remodulated twice with a wireless signal. The generated optical central carrier and the first-order and second-order sidebands can be colorlessly separated/selected by PBSs to support PON application, as well as double-and quadruple-frequency RoF transmissions. The experimental results prove that three types of signals can be generated and transmitted with proper BER performance and clear eye and constellation diagrams. The interference among the wired signal and double-and quadruple-frequency RF signals is acceptable. Given that no dedicated optical filter or separator is required to accomplish the wavelength separation process in the proposed architecture, the presented architecture can be flexibly employed to support various types of microwave and millimeter-wave over fiber transmissions.
